Degradation in arid and semi-arid regions can be ascribed primarily to environmental conditions such as extreme changes in temperature and erratic rainfall patterns. Seed germination and seedling growth of three grass species (Anthephora pubescens, Heteropogon contortus and Themeda triandra) indigenous to arid and semi-arid regions of southern Africa were assessed under controlled conditions that simulated drought stress using polyethylene glycol (PEG) 6000. Exposure to water potentials below À0.3 MPa significantly decreased germination rates and shoot lengths for all three species, despite slight differences in their sensitivities to osmotic stress. More dramatic differences between the species were evident when the effects of water stress on root growth were evaluated. These findings form the basis for future trials involving the use of indigenous grasses in the restoration of rangelands.
It has been estimated that about nine million square kilometers of the world's arid rangelands have been turned into man-made deserts over the past half century (Le Houérou and Gillet, 1986) . Rangelands are areas unsuitable for cultivation, but provide forage for animals (Miller, 1997) . Rangeland degradation is often manifested by decreases in plant species diversity, low grass height and vegetation cover, and increase in unpalatable grass species and sharp reductions in plant yields. The dispersal of seeds through oversowing is an important strategy to actively restore vegetation in degraded areas as their seed banks are usually depleted of viable seed. One of the greatest challenges in restoration ecology is to sow a seed type or cultivar that has the capacity to produce abundant biomass and cover in a short period of time (Van den Berg, 2002) .
In addition to grazing by domestic livestock, rainfall patterns are the most important factors influencing rangeland condition (Hoffman and Ashwell, 2001) . Drought, extreme temperatures, increased soil salinity, soil crusting or sand covering, as well as pathogens and herbivores all adversely affect the germination and growth of seedlings. Grasses, with strong development of underground organs, tend to have efficient adaptive mechanisms to cope with drought, fire and herbivory and provide superior protection against soil erosion than most woody shrub and tree species (Imevbore, 2003) . Grasses with network root systems bind soil better than woody species with taproot systems (Cowling et al., 1986) .
Osmotic solutions are used to impose water stress reproducibly under in vitro conditions (Pandey and Agarwal, 1998) . Polyethylene glycol molecules with a M r ! 6000 (PEG 6000) are inert, non-ionic and virtually impermeable chains that have frequently been used to induce water stress and maintain a uniform water potential throughout the experimental period (Hohl and Peter, 1991; Lu and Neumann, 1998) . Molecules of PEG 6000 are small enough to influence the osmotic potential, but large enough to not be absorbed by plants (Carpita et al., 1979) . Because PEG does not enter the apoplast, water is withdrawn from the cell and the cell wall. Therefore, PEG solutions mimic dry soil more closely than solutions of low M r osmotica, which infiltrate the cell wall with solutes (Verslues et al., 1998) .
The objective of this study was to determine the germination and morphological responses of Anthephora pubescens Nees, Heteropogon contortus L. and Themeda triandra Forssk. (Gibbs Russell et al., 1990) (ISTA, 1976) indicated that 30 -C is the optimal temperature for seed germination of A. pubescens, H. contortus and T. triandra. Four replicates of 100 seeds per species were used to determine germination rates in the absence of osmotic stress (Fig. 1) . Both A. pubescens and H. contortus show a high germination percentage (75% and 48%) within the first two days, after which germination seems to reach a plateau. T. triandra germinates poorly during the first two days, but after the fourth day, germination rates increased to 67% and reached a plateau of 77%. Therefore, at 30 -C and in the absence of osmotic stress, seed from all three species tested showed a high germination capacity within the first four days. This could be of significance when planning oversowing treatments with the specific species for restoration purposes.
Water stress was applied through incubation in seven different concentrations of PEG 6000 that provide solutions with water potentials ranging from À 0.3 to À 2.1 MPa (Michel and Kaufmann, 1973) . PEG 6000 was dissolved in water and placed in a shaker bed (25 -C) for 16 h. Four replicates of 50 pure seeds per species were used for each of the different osmotic potential experiments. Seeds of the different species were germinated at 30 -C on filter paper discs moistened with 8 ml of the different solutions. After the addition of the solution, as well as the seeds, each petri dish was weighed and the weight recorded. Petri dishes were weighed daily and supplemented with distilled water to the original weight. The seeds were investigated for germination every second day. Germination data were analysed using the statistical program GenStat (2000). The experiment was designed as a completely randomised design with two factors. The first factor was the species and the second the drought stress treatments. Differences in germination between species and between treatments, as well as the interaction between these variables, were tested for an analysis of variance. The arcsine transformation was used to stabilise variances. After the transformation, the data was acceptably normal with homogeneous treatment variances. Treatment means were separated using Fishers' protected t-test least significant difference (LSD) at the 5% level of significance (Snedecor and Cochran, 1980) .
Germination capacity decreases for all three of the species with a decrease in osmotic potential (Table 1 ). The final germination capacity for the control treatment differed significantly for all three species. There is also a significant difference in the germination of the three species when comparing the total germination percentage of all treatments (species mean). Both A. pubescens and H. contortus show better germination in response to the À 0.3 MPa osmotic treatment than the control treatment. Although seed germination occurred at all of the different osmotic potentials tested, with the exception of À 2.1 MPa, none of the three species tested showed a very high tolerance of water stress. Although the germination capacity decreased with a decrease in osmotic potential, seeds from all species germinated at an osmotic potential of À 1.8 MPa. Although the seeds did not germinate at an osmotic potential less than À 1.8 MPa, this might indicate an important survival mechanism that ensures dormancy within the soil seed bank until sufficient moisture is available for optimal seed germination and seedling establishment.
Treatments (MPa)
Drought plays an important role not only in determining germination rates, but also influences seedling development. Even when enough moisture is available to promote germination, in the absence of subsequent rain, growth of newly germinated seedlings will be compromised with potentially fatal consequences. Five seedlings of each treatment were selected and root and shoot lengths were measured on the fifth day of incubation to determine whether a decrease in osmotic potential would affect seedling growth. Analysis of variance (ANOVA) was used to test for differences between the three species. The data was acceptably normal but with some heterogeneous treatment variances. Glass et al. (1972) indicated that the consequences on inference after ANOVA are not serious, as no transformation could be found to rectify the problem. Species means were separated using Fisher's protected t-test least significant difference (LSD) at the 1% level of significance (Snedecor and Cochran, 1980) . For all three the species, the shoot lengths of seedlings decreased with an increase in water stress (Fig. 2a) . Root lengths of A. pubescens and H. contortus were greater under osmotic potentials of À 0.3 MPa than under control conditions and A. pubescens seedlings displayed even more dramatic root elongation at À 0.6 MPa (Fig. 2b) . In contrast, root elongation of T. triandra decreased progressively with any decrease in osmotic potential (Fig. 2b) . All three species displayed decreases in root length as osmotic potential was decreased from À 0.6 to À 2.1 MPa (Fig. 2b) .
Decreases in the external osmotic potential generally caused decreased morphological development of organs from the young grass seedlings of the three species tested. Whereas shoot growth was always decreased by exposure to all of the stress levels tested, there was a slight increase in root length associated with the À 0.3 MPa treatments for A. pubescens and H. contortus. Most likely, this reflects an adaptive response involving an increase in root length to reach water deeper in the soil.
This study has shown that specific environmental conditions are needed for optimal seed germination of A. pubescens, H. contortus as well as T. triandra and that water stress differentially affects germination capacity as well as root and shoot lengths in these three species. All three species seem suitable for restoration trials in areas that are not subjected to short periods of drought, but field studies are needed to determine their suitability for areas with specific environmental conditions.
